The main aim of the presented work is the integration of a long-period fiber grating and a liquid crystal into a hybrid structure, in order to develop an innovative fiber optic device controlled by an external electric field. The studied long-period fiber grating was fabricated using UV irradiation in a boron co-doped fiber (PS1250/ 1500, manufactured by Fibercore). As a liquid crystal we used a typical 5CB nematic liquid crystal. The sensing mechanism of the proposed loss filter relies on long-period fiber grating attenuation bands sensitivity to optical properties of the liquid crystal layer. The results obtained show that the long-period fiber grating with a nanosized liquid crystal layer exhibits one order of magnitude higher electrical sensitivity and a lower level of the voltage control than the long-period fiber grating with a micro-sized liquid crystal layer.
Introduction
In order to achieve light coupling between two co--propagating modes, a grating formed in an optical fiber usually requires a pitch of several hundred micrometers. This type of grating is called a long-period fiber grating (LPFG). Compared to other optical devices, LPFGs have a number of unique advantages such as low-level back reflection, low insertion losses and compact construction (the grating is an intrinsic fiber device). The LPFGs have found a variety of applications in optical communications [1, 2] . Tuning of the LPFGs is very attractive since it can offer a form of dynamic spectral control [3, 4] . The central attenuation wavelength of the LPFGs is highly sensitive to temperature, strain, bend or surrounding refractive index (SRI) changes. For these reasons filters based on the LPFGs have generated a significant interest for applications in the sensing field as well.
Liquid crystals (LCs) are attractive candidates as a coating material since their properties can be controlled through temperature, optical, electrical and magnetic fields [5] [6] [7] . There are three key points for a good design in order to combine a LPFG and a LC into one component: selection of the LC refractive indices, inherent SRI sensitivity of the LPFG and the LC layer thickness. Majority of LCs have refractive indices that are higher than the refractive index of the silica glass. Thus, the LPFG sensitive to SRI is limited to the range where SRI is higher than the refractive index of the fiber cladding. In this case, the core modes couple to leaky modes [8] and the dependence on the resonance wavelength on the SRI is not so straightforward. So far, most of the studies have focused on the analysis of the SRI sensitivity when the * corresponding author; e-mail: czapla@if.pw.edu.pl LPFG cladding is surrounded by a LC medium of infinite thickness [9, 10] . For such an infinite thickness of the high refractive index (HRI) medium, a sufficient tuning of the resonant wavelengths of the LPFG versus the SRI is very difficult. A strong improvement in the LPFGs sensitivity can be obtained by reducing the thickness of the HRI medium to nanosize [11] [12] [13] . When a nanosized HRI layer is deposited along the LPFG, a significant modification of the distribution of cladding modes occurs leading to considerable shifts of the resonance wavelengths. This effect strongly depends on both: the layer thickness and its refractive index.
In this paper we will demonstrate a loss filter with high-efficiency electrical tuning capability based on an LPFG surrounded by a nematic LC. The sensing mechanism of the proposed loss filter relies on the sensitivity of the LPFGs attenuation bands to the optical properties of the LC layer itself. The LC layer is able to modify its properties as a direct consequence of the applied external electric field. The comparative studies are presented to account for the thickness of the LC layer: micro-and nanosized. The results obtained show that a good improvement in the electrical sensitivity can be obtained for the LPFG with nanosized LC layer. In this case, we obtain an electrical sensitivity that is four times higher and a lower level voltage is used than in the case of LPFG with microsized LC layer.
Principle of operation
Transmission characteristics of an LPFG formed in a single-mode fiber can be analyzed by the coupled-mode theory [14] . The LPFGs allow the power transfer between modes of an optical fiber. This is achieved by perturbing the phase of one mode so that it matches the phase of another one: the so-called "phase matching condition".
The phase matching condition between the fundamental mode and the forward propagating cladding mode for the LPFG is given by
where β c0 and β cl,m are the propagation constants of the forward fundamental mode and the forward cladding mode of order m, respectively. The resonant wavelength, λ res,m , for a specific attenuation band is expressed as follows:
where n The inherent sensitivity of the LPFGs to the SRI of the LC material tuned by the external electric field is the most important property considered in this research. Depending on the boundary condition between the cladding and the surrounding medium, the cladding modes propagate in a different manner [8] [9] [10] [11] [12] [13] . In air, the cladding modes experience a total internal reflection (TIR) mechanism at the interface between the cladding and air. When the refractive index of the cladding is equal to the refractive index of the surrounding medium, the cladding has an infinitely large radius, such that the cladding modes are converted into radiation modes as a result of the lack of TIR at the cladding boundary. Thus, we cannot observe any resonant wavelength effects.
A totally new mechanism comes into play as soon as the refractive index of the cladding is higher than that of the surrounding medium. In this case two scenarios should be distinguished depending on the thickness of the layer with HRI. The first scenario assumes an infinite HRI medium. The fiber cladding now becomes leaky, due to the fact that no TIR exists. As with any interface between two dielectric media, a certain amount of reflection and refraction occurs and it is the phenomenon of external reflection that is important here. Then, the Fresnel reflection coefficients dictate the proportion of light energy that is reflected. As the HRI increases, a modification of the depth of the attenuation bands is generally expected. In addition, the cladding mode experiences a noticeable shift, which can be measured by using a high--resolution optical spectrum analyzer [8] . The second scenario considers a situation where a HRI layer surrounding the LPFG has thickness of the order of nanometers. Due to the refractive-reflective regime at the cladding-layer interface, the cladding modes in a LPFG, surrounded by nanosized HRI layer, are bound within the structure comprising the core, the cladding and the layer. It has been already proven that changes in the thickness of the nanosized HRI layer led to a significant shift of the attenuation bands in the transmission spectrum of the LPFG [11] [12] [13] 
Experimental setup and materials
For the needs of the present work, the LPFG was fabricated by UV irradiation in a boron co-doped photosensitive fiber (PS1250/1500, manufactured by Fibercore). The PS1250/1500 fiber gives a possibility of writing the grating directly, without any hydrogenation procedure. Co-doping this fiber with boron enhances its photosensitivity, and consequently the UV exposure time required to achieve saturation of the index change is greatly decreased. A segment of PS1250/1500 fiber, with polymer coating removed, was spliced between two segments of standard communication fiber (SM28, manufactured by Corning) and placed in contact with the amplitude mask having a periodicity of 227 µm. The source of the UV light was provided by an excimer laser (PulseMaster GSI Lumonics) emitting at 248 nm wavelength. Consequently, the fiber was irradiated by a UV light and the exposure was repeated until the index modulation has reached a sufficient level to provide the desired attenuation depth in the LPFG transmission spectrum. The length of the LPFG was 4 cm.
As an LC material we used a typical nematic 5CB LC [6, 7] with the ordinary, n o and extraordinary, n e refractive indices 1.51 and 1.72, correspondingly (measured at 587 nm). The LC cladding external to the LPFG was formed in two ways. In the first configuration the 5CB LC was introduced in the whole space of the LC cell due the capillary forces. In the second configuration, a thin layer of 5CB was initially formed on the bare LPFG. Surface tension of the LC makes it easy to coat uniformly the LPFG making the LC behave as if it had a skin. 
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The presence of the LC layer on the surface of the LPFG was observed when the sample was placed between the parallel polarizers, as shown in Fig. 1 . Since we know the 5CB birefringence (0.21 at 23
• C), we can estimate that thickness of the LC layer is in the range from 800 nm to 1250 nm -according to the Michel-Levy interference chart [15, 16] . Consequently, the prepared LPFG was placed in the LC cell. The construction of the LC cell is presented in Fig. 2 . The space between the plates was 135 µm. In order to achieve planar orientation of the 5CB molecules in the LC cell, the anti-parallel rubbing was used. Indium tin oxide was deposited on inner surface of the plates to apply an electric field across the cell. Then, tuning of the LPFG was achieved by varying the boundary condition of the LC -electrically switching between n o and n e of the 5CB. To achieve the optical control of the orientation of the 5CB molecules, the LC cell was operated between the crossed polarizers in such a way that they appear bright when no voltage is applied. Electrical control was conducted in the 0 V/µm to 4 V/µm range. The transmission spectrum was investigated with the input light projected from a halogen lamp/super continuum source and the output signal was analyzed by an Optical Spectrum Analyzer.
Results and discussion
First, the sensitivity of the LPFG to the presence of surrounding LC layer was investigated. In Fig. 2 the measured spectra of the LPFG in air, with micro-and nanosized layer of 5CB are presented. In the transmission spectrum of the LPFG, three main attenuation bands can be seen, designated by band_1, band_2 and band_3. It can be noticed that the band_3 is a superposition of two neighboring attenuation bands. This effect can occur if the period of the LPFG is sufficiently short [17, 18] . When a bare LPFG is mainly surrounded by the 5CB, a significant reduction in the depth of attenuation bands is observed and is compared in Table I . As can been seen from Fig. 3, band_3 has been strongly flattened. Therefore its measurement has become very difficult and is not presented. In addition (for both micro-and nanosized layer of 5CB) the red shift of the resonant wavelengths was recorded: 2 nm and 1 nm for the band_1 and band_2, respectively. In the next step we have investigated the influence of an external electric field on the spectral properties of the LPFG covered with 5CB layers. A key fact is that optical properties of the LPFG depend strongly on the refractive index of the LC layer and consequently on orientation of the 5CB LC molecules. Without an electric field, an effective refractive index of the LC layer corresponds to n o of 5CB. Under the influence of the external electric field, a molecular reorientation occurs and at voltages higher than the threshold value, when the molecules of the LC material tend to reorient themselves perpendicularly to the fiber axis, according to the Fredericks transition rule. Thus, the refractive index of the LC layer tends to n e of 5CB. Consequently, the position of the attenuation bands in the transmission spectrum of the LPFG covered with the 5CB layer can be controlled. When the response of the LPFG with the microsized 5CB layer was controlled by an electric field, a blue shift of band_1 was noticeable, up to 1.5 nm, as is illustrated in Fig. 4a . In this case, a change of the location of the band_1 results directly in the increase of the value of the refractive index of LC which tends to n e of 5CB. In contrast, when the impact of the electric field on the LPFG with a thin layer was investigated, a red shift, up to 5 nm, was obtained. In this case, the presence of the electric field could cause the fol-lowing changes in the LC layer: its refractive index (tends to n e of 5CB) and its thickness (as a reminder, the layer has a thickness in the nanometer range). Thus, the value and direction of the band_1 shift is a consequence of the changes of these parameters.
Conclusion
In conclusion, we have demonstrated a loss filter with an electrical tuning capability, based on a LPFG with the LC as its active material. For such a device, the observed electrical sensitivity mainly results from the parameters of the LC layer which can be changed by an external electric field. Two cases of a thick LC layer were investigated. First, when the layer is in the order of a few µm (LC cell is filled in entirely by 5CB). For this configuration, the LPFGs exhibited slight shifts in their resonance attenuation bands towards the shorter wavelengths. In the second case, the nanosized LC layer formed on the bare LPFG significantly changed its spectral response. We observed a considerable red shift in the resonance wavelength. The LPFG with a nanosized LC layer showed one order of magnitude higher sensitivity than the LPFG with a microsized LC layer. Moreover, a "switching" effect, corresponding to the Fredericks transition in the 5CB LC, is much faster for the LPFG with a nanosized 5CB layer. The electrical field induces the wavelength shifts for the LPFGs with the micro-and nanosized LC layers which are plotted in Fig. 5 . Their properties are 
